The surface complexation models (SCM) are used successfully for describing the thermodynamic equilibrium between the pure calcite surface (carbonate and calcium sites) and brine solutions. In this work, we show that the model parameters that are reported for the calcite-1 Please cite as "Eftekhari AA, Thomsen K, Stenby EH, Nick HM. Thermodynamic analysis of chalk-brineoil interactions. Energy & Fuels.
Introduction
Reducing the remaining saturation of oil in a water-flooded core by injecting brine with modified electrolyte concentrations, is previously demonstrated in numerous experiments for various rock/oil/brine compositions in different temperatures and pressures (e.g., [1] [2] [3] [4] ). The mechanism by which oil is mobilized in presence of brine with a modified ionic composition is not yet understood 3 2 . Migration of fine particles 5, 6 , rock dissolution 7 , and surface charge modifications due to ionexchange and surface complexation reactions [8] [9] [10] are among the possible mechanisms. Each one of these mechanisms, although still under investigation, is relatively well known. Various mathematical and thermodynamic models exist that can adequately (e.g., fine migration) and often accurately (e.g., dissolution/precipitation) describe the underlying physics of each process. The major gap, however, is a link between the physical aspects of these mechanisms and the transport properties (i.e., relative permeability) of the aqueous and oleic phase in porous media. Until now, this gap is filled by using empirical relations, often with one or few unknown parameters that are later estimated by fitting the model to the core flooding experimental data (also known as history matching [11] [12] [13] [14] ).
The other major issue in the mechanistic models, particularly in the interactions of rock-oil-brine which are described by ion exchange or surface complexation models, is the uncertainty of the physical parameters. For instance, the adsorption of ions on the surface of calcite can be described accurately by surface complexation models 15, 16 . These models come in different flavors 17 , each with its own sets of assumptions and limitations. Moreover, each model requires several equilibrium constants that are often only measured for a very specific system. Since these models are the foundation of the mechanistic models of the modified salinity water flooding, the choice of model and its physical parameters can dramatically affect the transport properties of oil and water in porous media and the predictive capabilities of the model.
In this work, we attempt to address both problems; first we suggest a procedure for optimizing the SCM parameters by fitting the model to the chromatographic experiments and zeta-potential measurements, considering the dissolution of the chalk (calcite) surface and the possible precipitation of anhydrite in presence of sulfate ion. We also investigate the influence of silica and clay particles, that is observed on the surface of the North Sea chalk [18] [19] [20] , on the surface charge of the chalk particles and the adsorption of ions in the chromatographic tests. Secondly, we apply the model to a set of spontaneous imbibition tests to predict the thermodynamic equilibrium between the oil and chalk surfaces in presence of different brine composition, to find a correlation between the surface properties of oil and carbonate (predicted by the model) and the remaining oil saturation (measured experimentally).
Mathematical model
The mathematical models are presented here in two subsections. First, we describe the thermodynamic equilibrium model for the chalk-brine-oil system. Then, we present the model for the multi-component reactive transport of brine in a carbonate porous medium.
Chalk-oil-brine interactions
It is generally accepted that oil and rock surfaces interact through a water-film. The ions in the water film get adsorbed on the functional group such as hydroxylated calcium or carbonate on the chalk surface 15 and the carboxylic acids or amine bases on the surface of oil 21 . These functional groups can also undergo the dissociation and protonation reactions that change the surface charge.
Moreover, the adsorption/desorption of ions to/from the surface can change the three dimensional structure of the surface, i.e., precipitation/dissolution 17 . It is previously shown that a surface complexation model, which "gives a molecular description of the adsorption of ions using a thermodynamic equilibrium approach" 17 , provides promising results in fitting the experimental results of the adsorption of ionic species on the pure crystalline chalk samples. A detailed review and formulation of the surface complexation models can be found elsewhere 17 . In this work, we 5 use a diffuse-layer model, with the equilibrium reactions that are shown in Table 1 . The stability constants for these reactions for the system of brine and calcite are measured 15, 16, 22 or estimated 7, 8 by various investigators and repeated here in Table 2for convenience. For the oil-brine system, there are no reported measurements in the literature to the best of our knowledge. Therefore, we follow other investigators 8, 23 and use the equilibrium constants of the analog aqueous phase reactions of the carboxylate and amine groups. Table 2 shows the stability constants and the standard enthalpy of reaction for the surface complexation reactions between the surface sites of chalk and the ionic species in brine. For the oil phase, we use the LLNL database of PHREEQC for the reactions between the metal ions and the acetate ion. [mol/(m 3 .s)] is a source/sink term. The relation between the concentration in the aqueous phase and the concentration on the surface comes from the SCM that is described in the previous section.
Dissolution and precipitation
The dissolution and precipitation of calcite (CaCO3) and anhydrite (CaSO4) are suggested to change the recovery of oil from chalk cores. Anhydrite is not directly found in chalk, but can form due to the reaction between the sulfate-rich injected brine and the calcium-rich insitu brine.
Various mechanisms including the formation and migration of fine particles are suggested to explain these experimental observations. Precipitation of anhydrite generates fine particles that may increase the production of oil 3, 5, 6 or damage the porous medium 26 . Mathematical modelling of the fine migration phenomenon is outside the scope of this paper. However, from a thermodynamic point of view, we compare the accuracy of various thermodynamic models, i.e., Debye-Hückel, 27 , and Pitzer 28 with the more sophisticated Extended UNIQUAC model [29] [30] [31] in predicting the solubility of anhydrite and calcite in brine at reservoir conditions.
The dissolution/precipitation of calcite decreases/increases the number of surface sites, which affects the adsorption and desorption of ions to/from the chalk surface. Moreover, the dissolution 8 of anhydrite can affect the recovery of oil by increasing the sulfate content in the aqueous phase which consequently alters the wettability of chalk. Hence, we include the dissolution/precipitation of calcite and anhydrite in our transport model.
Oil-chalk interactions
According to Buckley et al. 32 , when a water film is present between oil and rock and in the absence of heavy polar components in the oil phase, e.g., asphaltenes that can precipitate on the rock surface, the only mechanisms for the adsorption of oil on the chalk surface is the acid-base interaction of the charged complexes that are formed on the surface of oil and chalk. These interactions can also occur between the surface complexes that are masked by the potential determining ions. In this work, we only consider the acid-base interactions, which can be described by the following reactions: 
The equilibrium constants for the above reactions are estimated from the analogous aqueous phase reactions. The interactions between the complexes that are masked by the potential determining ions will be covered in a future work. The activity of each surface species in the above reactions are assumed to be equal to their mole fraction, i.e., the fraction of a surface type that is occupied by one of the reactants in reactions (2) and (3). The standard state is defined as a mole fraction of one, i.e., when a surface species fully occupies a given surface site 33 .
Optimizing stability constants for the surface complexation reactions
The stability constants that are reported for the chalk-brine surface complexation reactions are measured for the pure crystalline calcite samples. However, a chalk reservoir sample is not composed of pure calcite, and the stability constants need to be adjusted for the model to more accurately represent the brine-chalk interactions. To that end, we optimize the stability constants of the surface complexation reactions (see Table 1 ) to fit the predicted surface charge to the measured zeta potential of the Stevns Klint chalk reported by 36 . Therefore, we assume that the suspension is in equilibrium with the atmospheric CO2 with a partial pressure of 39 Pa. The zeta potential cannot be directly calculated from a surface complexation model. However, Megawati et al. 25 suggested the following relation for estimating the zeta potential, i.e., the potential at the shear plane (  [V]) is calculated by assuming that the shear plane is located at a known distance from the stern layer surface potential:
is the Debye length, and   [m] is assumed to be 3×10 -10 m. We found that using the above assumption only slightly changes the results.
For fitting the SCM model to the zeta potential measurements, we minimize the following objective function (OFζ) by changing the model parameters no more than ±20% of their original value:
subject to the following set of nonlinear constraints:
In the above equation, Nζ denotes the number of data points (here 76) and the superscripts 'exp'
and 'calc' denote the experimental and calculated values of the zeta potential, respectively. It is important that the model does not predict a positively charged surface for a chalk surface that is negatively charged, and vice versa, since the surface charge is shown to be directly related to the recovery of oil in the carbonates [34] [35] [36] . Therefore, we define the nonlinear inequality constraints shown by Eq. (6) . The objective function is written in Julia language 40 , which utilizes the PHREEQC reaction module PhreeqcRM 41 with the help of a Julia wrapper JPhreeqc.jl 42 . For the minimization, we use the SLSQP algorithm 43, 44 for nonlinearly constrained gradient-based optimization from the NLopt package 45 . 
Effect of clay on the surface potential

Results and discussion
In 
Optimized parameters of the surface complexation model
We use the experimental data of Zhang et al. 35 , who measured the zeta potential of a 4 wt% mixture of pulverized Stevns Klint chalk particles in brine with different ionic compositions. They do not report whether the system is open to the atmosphere during the measurements. Therefore, we assume that the system is in contact with the atmospheric CO2. The carbonate and calcium site densities (ccalcium and ccarbonate), i.e., number of surface sites per unit area of the chalk surface, are not reported. Therefore, we use the surface densities of 2.0 to 5.0 #/nm 2 7 . The specific surface area of chalk (natural calcite) is reported as 2.0 m 2 /g 1, 18 . However, we study the effect of the specific surface area on the optimization results, by varying it from 2.0 to 5.0 m 2 /g. We run the optimization routine for each pair of specific surface area and surface site density of chalk.
The results of fitting the diffuse-layer surface complexation model to the zeta potential data are reported in Table 3 . Note that the concentration of sulfate and carbonate ions are kept almost constant in the zeta potential measurements of Zhang et al. 35 . Therefore, the equilibrium constants for the reactions 7 and 8 are not modified by the optimization algorithm. As it was previously observed by Hiorth et al. 7 , a better fit (lower sum of square of errors) is obtained by using a surface site density of 2.0 #/nm 2 . Increasing the total surface area slightly reduces the error, but it does not result in a significant better fit. Overall, the fit has a normalized error of 4.75 mV which is not excellent but acceptable. The nonlinear constraint of Eq. (6) enables the calibrated model to predict the sign of the zeta potential (and surface charge) correctly. None of the equilibrium constants that are reported in the literature (see Table 2 ) can predict the correct sign of the surface charge for the whole range of experimental data that is used in this study. The optimum values of zeta potential are plotted against the experimental data in Figure 1 Zhang et al. 35 , we cannot confirm this, even though large errors are observed during the measurement of the zeta potential specially for a suspension that is close to coagulation condition, i.e., with an absolute value of zeta potentials below 30 mV 48 . A larger discrepancy can also be observed between the model prediction and the experimental data for the negative values of zeta 14 potential. This can be attributed to the dissolution of the atmospheric CO2 in the solution during the zeta potential measurements. Moreover, other SCM's with different complexation reaction can be considered, e.g., Song et al. 49 to find the best model that represents the chalk-brine interactions. 
Effect of clay on the zeta potential calculations
The effect of the presence of 0. 
Effect of thermodynamic models on the prediction of solubility
The experimental solubility of anhydrite in water at different temperatures and a maximum pressure of 8 bar are shown in Figure 3 . The experimental data is compared with the predictions of three thermodynamic model, i.e., Davies 33 The effect of higher pressures on the activity of the ionic species in the liquid phase and the solubility is discussed elsewhere [50] [51] [52] . Here we emphasize that the Davies model does not consider the effect of pressure on the solubility and must be used with caution at higher pressures. 
Modeling the single-phase flow of brine in chalk
We use finite volume method to discretize the advection-diffusion Eq. (1) Table 5 . In our simulations, the diffusion coefficient is assumed to be the same for all the species. It is obtained by fitting the model to the tracer concentration history. Figure 4 -a shows the concentration history of Ca 2+ , Mg 2+ , and SCN -. One can observe that the surface complexation model, with parameters that are tuned to the zeta potential data, is not able to correctly capture the adsorption and desorption of calcium and magnesium on the chalk surface. By adjusting the equilibrium constants for the reactions 1 to 3, the model matches the measured concentration history of the ions, as shown in Figure 4 -b. The adjusted equilibrium constants are shown in Table   4 . The difference between the old and the new values shows that the equilibrium constants for reactions 1 and 3 are only slightly adjusted. However, the new equilibrium constant for reaction 2 is lower than its old value by a factor of 50%. One explanation is that the zeta potential is measured for a pulverized chalk, which can potentially change the surface properties of the original outcrop core. Therefore, the parameters that are obtained by fitting the surface complexation model to the pulverized chalk samples are not necessarily representative of the brine-chalk interactions in an intact core.
Additionally, we study the effect of the chalk specific surface area and the surface site densities.
As expected, by increasing the value of these parameters the breakthrough of the Ca and Mg ions is delayed, i.e., the predicted breakthrough curves shift to the right. The results are shown in Figure   5 as the outlet concentration of each ion, C [mol/m 3 ], divided by the inlet concentration C0
[mol/m 3 ] versus the number of injected pore volumes (PV) of brine. 20 Figure 6 shows the effect of the presence of different amounts of Kaolinite edges in chalk on the adsorption of calcium and magnesium in the chromatographic tests of Zhang et al. 34 . By increasing the amount of clay from 0.1 wt% to 2.0 wt% and 5.0 wt%, the breakthrough of both Mg and Ca ions are further delayed, which is an indication of a higher adsorption of the metallic ions on the clay particles. However, considering the large surface area of the clay particles, i.e., 15 m 2 /g, the presence of clay particles does not considerably affect the metal uptake compared to other physical parameters of the system, e.g., the specific surface area of calcite. Comparing these results with the dramatic effect of clay particles on the chalk surface potential, it can be concluded that at the temperature and pH range of these experiments, the interaction of the potential determining ions with the chalk surface is not affected by the presence of clay particles; however, small amount of clay particles that are evenly distributed on the chalk surface, dramatically decrease the zeta potential and surface charge of the chalk particles due to the larger equilibrium constant of the deprotonation reaction of the clay particles. 
Oil recovery from the modified salinity brine-flooding in chalk
In the previous section, we show that the adsorption and desorption of ions on the surface of cleaned the core with 250 ml of distilled water at 50 o C, and aged it with crude oil with the procedure described by Puntervold et al. 54 . The composition of the formation water is similar to the Valhall field, with a total dissolved solid of 62.80 g/l. The imbibing brine is made by modifying the ionic composition of the artificial seawater, as shown in The core initially is saturated with 10% formation water and 90% crude oil. Then the core is immersed in the imbibing fluid at different temperatures, i.e., 100, 110, and 120 o C at a pressure of 10 bar. Instead of modeling the whole imbibition process, we confine our interest to the ultimate recovery in the imbibition test, i.e., when the imbibed water in the core reaches a saturation at which the capillary pressure is zero and no more oil can be recovered. We solve the surface complexation model for the system of chalk, imbibing brine, and the initial oil in the core, to find the amount of 2) is obtained from the Gibbs energy of the analog aqueous phase reaction and is not adjusted to obtain the correlation depicted in Figure 7 . This correlation shows that by decreasing the number of strong bonds between the oil and the chalk surfaces, the remaining oil in the imbibition experiments is decreased, i.e., the recovery of oil increases. In these particular experiments, this is done by lowering the salinity and increasing the sulfate concentration in the imbibing brine. The sulfate ion is adsorbed on the surface of chalk, which decreases the number of available protonated calcium sites that can react with the carboxylate ions and bind the oil phase to the chalk surface, as shown in Figure 8 . Zhang et al. 34 versus the calculated calcium-carboxylate and carbonate-amine bonds between the surface of chalk and oil, respectively. The total number of acid-base bonds, which is the summation of the calcium-carboxylate and carbonate-amine bonds are shown in Figure 9 . Once again, a correlation can be observed between the number of bonds and the amount of oil that is left behind in the imbibition experiments, even with the different types of oil that are used by Zhang et al. 34 .
There are a number of data points that do not follow, marked by a dashed square in Figure 8 -a and -b that do not follow the observed trend, that requires further investigation.
(a) Figure 9 . The calcium-carboxylate and carbonate-amine bonds between the chalk and the oil surfaces versus the remaining oil saturation in the imbibition experiments of Zhang et al. 34 . The oil contains both acidic and basic components. Figure 10 . Measured remaining oil saturation in the imbibition experiments 34 versus the calculated total number of acid-base bonds between the chalk and the oil surfaces.
We must point out that the correlation shown in Figure 7 and Figure 10 does not necessarily indicate that we have discovered the true mechanism behind the effectiveness of the modified (a) (b) salinity water flooding. However, it is one step further towards the derivation of a mechanistic model with fewer empirical relations and parameters.
Conclusions
In this work, we present a diffuse-layer surface complexation model to describe the chemical interactions in the chalk-brine-oil system, including the adsorption of oil and chalk and the dissolution/precipitation of carbonate and anhydrite. The key findings of this study are as follows:
 At lower pressure and at the reservoir temperature, the simple Davies model is adequate for the prediction of the solubility of anhydrite and calcite. At higher pressures, more sophisticated and computationally expensive alternatives need to be considered.
 The equilibrium constants for the surface complexation reactions that are reported in the literature are measured for the pure crystalline calcite and are not able to predict the zeta potential of chalk particles in brine.
 The reaction equilibrium constants that are fitted to the measured zeta potential of pulverized chalk in brine are not suitable for modeling the reactive transport of brine in chalk. The parameters need to be tuned to fit the breakthrough curves of different ions.
 The presence of small amounts of clay particles reduces the calculated surface charge and zeta potential of the chalk surface, but does not considerably affect the adsorption of the potential determining ions (Ca and Mg) on the chalk surface.
 A correlation between the remaining oil in the imbibition tests and the number of bonds between the carboxylate group on the oil surface and the protonated calcium sites on the chalk surface is suggested based on the developed model and the tuned parameters.
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